Abstract. Methacrylate-structured poly(ampholyte)s were synthesized in the homopolymer and copolymer forms starting from the N-methacryloyl-L-histidine (MHist) and the N-isopropylacrylamide (NIPAAm). They were also obtained in the cross-linked (hydrogel) form, showing a close thermodynamic behaviour as that shown by the corresponding soluble free polymer analogues. Viscometric data revealed that the minimum hydrodynamic volume of the polymer at its isoelectric point (pH 5) shifted to lower pHs as the NIPAAm content increased, and beyond a critical low MHist content the reduced viscosity decreased, even at low pHs. The phenomenon was attributed to hydrophobic forces between the isopropyl groups outweighing the repulsive electrostatic interactions of the polymer in the positively charged form. A similar behaviour was shown by the corresponding hydrogel. The latter also revealed a different phase transition phenomenon induced by external stimuli (temperature, pH, ionic strength, electric current) when compared to the acrylate-structured analogues. The polyMHist, as well as the corresponding monomer, was found for two days to be non toxic against the mouse osteoblasts (MC3T3-E1).
Introduction
Vinyl compounds carrying aminoacid residues have been widely synthesized to obtain functional polymers for practical purposes [1] . The presence of the carboxyl [2] or the amino [3] functionality made these polymers sensitive to the pH in a range that was closely related to their basicity constants. Moreover, the presence of the hydrophilic amido functionality and the hydrophobic isopropyl groups in the side chain made these polymers also sensitive to the temperature [4, 5] . Recently, new vinyl acrylate polymers based on the L-histidine residues have been developed in order to have poly(ampholyte)s responding in different pH-ranges [6] . The imidazole-containing methacrylate polymers with different functions were investi-gated in the catalytic activities towards the solvolyses of a series of activated phenyl esters [7] . Besides the buffering capacity of proteins in the physiological pH range, the imidazole group is also able to form coordination compounds with metal ions [8] . These compounds are considered as models for the understanding of the biological activity of proteins involved in fatal disorders such as the Alzheimer's disease or the prion infection [9, 10] . Synthetic polymers containing the imidazole functionality have recently been reported as thermosensitive, reusable displacers for immobilized metal affinity chromatography of proteins [11, 12] . The incorporation of the imidazole functionality in the highly branched poly(N-isopropylacrylamide), the polyNIPAAm, showed interest as a thermally responsive 'smart' polymer for the purification of a histidine-tagged protein fragments [13, 14] . Moreover, the absence of toxicity makes these ampholyte polymers useful candidates in the development of loosely cross-linked hydrogels to be used as injectable polymer scaffolds for tissue engineering applications [15] . The non toxic effect of the poly(MHist) against the osteoblast cells enables the corresponding hydrogels to be tailored in medical treatment for more efficient routes in the administration of pharmaceutical compounds, especially metal-based drugs [16] , and improves the absorption of loaded amino-bisphosphonates (BPs) in the bone resorption process [17, 18] . In the latter case, the poor absorption of bisphosphonates via the paracellular route may be improved by a slow releasing process of BPs loaded into the hydrogel. Previous reported papers described the thermodynamic behaviour of acrylate polymers with the Lhistidine residues in the free and in the cross-linked forms [6] . Copolymers with the N-isopropylacrylamide were also prepared to obtain multiple stimuli-sensitive hydrogels for biomedical applications [19, 20] . In fact, besides the pH, they were sensitive to the temperature, the electric potential, the salttype and the ionic strength. Following our interest in these kind of polymers, we thought to study the methacrylate-structured polymer analogues because, as a rule, the solution behaviour of acrylate compounds differs to some extent from that of the corresponding methacrylate [21] . Thus, the aim of this paper is devoted to the protonation behaviour study of the synthetic methacrylic poly(ampholyte)s containing the L-histidine residues, the poly(MHist) (Figure 1) . A series of copolymers with a variable amount of NIPAAm was studied in order to clarify their thermodynamic behaviour in view of the potential applications of the corresponding hydrogels. The thermodynamic study of either the soluble or the cross-linked polymers allowed to evaluate the basicity constants along with the enthalpy and entropy changes during the protonation of the imidazole nitrogen. Moreover, the results of the swelling properties of three different cross-linked hydrogels were reported along with their protonation behaviour. They were strictly compared to the previously reported acrylate analogues [6, 19] . The hydrophilic behaviour of the non toxic poly (MHist) allowed the preparation of a new type of copolymer for nonbiofouling surfaces [22] . The polystyrene hydrophilization with poly(MHist) and some of its copolymers was in fact shown to be higher than that of the BSA (Bovine Serum Albumin).
Experimental section

Materials
L-Histidine (98%), methacryloyl chloride (97%) and 2,2'-azoisobutironitrile (AIBN, 98%) were purchased from Wako Pure Chemical Industries. Ammonium peroxo-disulfate (APS, 98%) and N,N,N',N'-tetramethylethylenediamine (TEMED) were from Kanto Chemical Co., Inc. N,N'-ethylenebis-acrylamide (EBA, 98%) and triethylamine (TEA, 99.5%) were from Fluka Co. The AIBN was recrystallized from methanol and all the other reagents were used as received. The N-isopropylacrylamide (NIPAAm, Wako Co.) was purified by recrystallization from n-hexane and then dried in vacuo. Buffer solutions (tris, phosphate, acetate) were prepared at a concentration of 0.01M in twicedistilled water and in 0.15M NaCl. The sodium chloride salt was of analytical grade from Fluka Co.
Syntheses
Synthesis of MHist
The N-methacryloyl-L-histidine, MHist, was prepared according to the previously reported synthetic routes [22, 24] . To an aqueous solution of L-histidine (5.0 g, 32 mmol) and sodium hydroxide (1.6 g, 40 mmol) in twice-distilled water (20 ml), the methacryloyl chloride (3.67 ml, 38 mmol), diluted in dioxane (10 ml), was added dropwise. During addition, the reaction mixture was kept under 5°C by the external ice-bath cooling, and then the temperature was raised to room temperature for 1 hour. After removing the dioxane by a rotary evaporator, the mixture was acidified to pH 2 with concentrated hydrochloric acid and extracted with ether. The aqueous layer was adjusted to pH 5 and concentrated in vacuo to obtain crude MHist. The crude monomer was purified by repeated precipitations from ethanol to acetone and dried in vacuo.
Synthesis of polyMHist
The poly(N-methacryloyl-L-histidine), polyMHist, was synthesized by a conventional free-radical polymerization [25] . The polymer was obtained as follows. A mixture of MHist (0.5 mmol) in ethanol (20 ml) containing AIBN (0.05 mmol) was purged with N 2 gas and then allowed to react under nitrogen atmosphere at 70°C for 20 h. The obtained polymer was purified by using a dialysis cellophane tubing-seamless (MWCO 3500 g/mol) in twice-distilled water for 2 days and then lyophilized to give a white powder.
Synthesis of poly(MHist-co-NIPAAm)
The poly(N-methacryloyl-L-histidine-co-N-isopropylacrylamide), poly(MHist-co-NIPAAm), copolymers were synthesized by the conventional free-radical polymerization reaction. Three different samples of the NIPAAm/MHist copolymers with decreasing amounts of MHist, namely co-3, co-2, and co-1, were synthesized. The mixture of MHist and NIPAAm with different molar ratio (the total mole was adjusted to 20 mmol) in twice-distilled water (40 ml), and containing 30 μl of TEMED 10 mM solution, was purged with N 2 gas and then 100 μl of APS 5 mM solution were added and allowed to react under nitrogen atmosphere at room temperature for 18 h. The polymer obtained was purified by using a dialysis cellophane tubingseamless (MWCO 3500 g/mol) in twice-distilled water for 2 days and then lyophilized to give a white powder.
Synthesis of hydrogels
Three hydrogel samples containing only MHist (MH2) and a mixture of NIPAAm/MHist (CMH2, CMH10), were prepared according to a previously reported procedure [6, 19, 26] . The two poly (MHist-co-NIPAAm) hydrogels, at a NIPAAm/ MHist molar ratio of 12, were synthesized by crosslinking with 2 (CMH2) and 10 (CMH10) mol% of EBA. The hydrogel MH2 was obtained only with the MHist cross-linked with 2 mol% of EBA. The synthesis was carried out in a glass tube, containing the monomer solution at a total concentration of 15 wt%, after their degassing under vacuum and under a nitrogen atmosphere. The reaction mixture was kept at room temperature for 24 h even if the gelation was observed within 4 h. Afterwards, the gel samples were removed, thoroughly washed with twice-distilled water for two weeks, and then slowly dried at r.t. to a constant weight. In all cases, the yield was more than 90%.
Spectroscopic and molecular characterization
The molecular characterization of polyMHist homopolymer and related copolymers was performed by a multi-angle laser light scattering (MALS) Dawn DSP-F photometer from Wyatt (Santa Barbara, CA, USA) on-line to a size exclusion chromatography (SEC) system. The SEC-MALS experimental conditions were the following: 0.2M NaCl + 0. 
Potentiometric measurements
The acid-base potentiometric measurements were carried out in aqueous media at 25°C, following a previously reported procedure [6, 19] . A TitraLab 90 titration system (from Radiometer Analytical), consisting of three components (Titration Manager, TIM900; high-precision autoburet, ABU901; and the sample stand) and connected to the TimTalk 9 (a Windows based software, for remote control) was used to record the potentiometric titration data of the monomer, the polymers, and the hydrogel. All the titrations were carried out in a thermostated glass cell filled with 100 ml of 0.15M NaCl in which a weighed quantity of solid material and a measured volume of standard HCl solution were dispersed by magnetic stirring, under a presaturated nitrogen stream. Forward titrations were carried out with a standard 0.1M NaOH solution and reliable results were obtained for the back-titration with a standard 0.1M HCl solution. Unlike the monomer and the polymers, which, being soluble over the whole pH-range investigated were titrated at the equilibration time of 300 s for each titration step (0.04 ml), the MH2 roughly and finely crushed hydrogel sample (0.1205 mmol) was titrated at different equilibration times (1500 and 3000 s). In the case of the roughly crushed hydrogel, hysteresis loops were obtained during the forward and backward titrations with NaOH and HCl standard solutions, respectively; the finely crushed hydrogel improved a faster response in reaching equilibrium conditions. A typical potentiometric titration curve for the soluble compounds is reported in Figure 2 , while Figure 3 shows the titration curves of the MH2 hydrogel in the rough and fine crushing state. The basicity constant (logK) values of the monomer were evaluated with the Superquad program [28] taking into account all the points of three independent potentiometric titration curves (ca. 300 data points) carried out with a different amount of ligand (0.13-0.20 mmol). On the other hand, the basicity constants of the free (polyMHist, 0.15-0.19 mmol; co-3, 0.21 mmol; co-2, 0.23 mmol; co-1, 0.13 mmol) and the cross-linked polymers (MH2, 0.12-0.15 mmol) were evaluated with the ApparK program [27] . In these cases each potentiometric titration was computed to evaluate both the logKs into a separated pH-buffered region. In all cases, the E° calibrations were performed before and after each titration with the standard Tris gradereagent. Three replicates were averaged and their standard deviations calculated.
Calorimetric measurements
Calorimetric measurements were carried out in aqueous solution at 25°C, following a previously reported procedure [6] , by the use of a Tronac titration calorimeter (mod 1250) operating in the isothermal mode. A stainless steel reaction vessel was filled with 25 ml of 0.15M NaCl (containing a measured amount of standard NaOH solution) in which a weighed quantity of solid material (MHist content, mmol: monomer MHist, 0.12-0.24; polyMHist, 0.14-0.22; co-3, 0.13-0.23; co-2, 0.13-0.23; co-1, 0.14) was dissolved and titrated with a standard 0.1M hydrochloric acid solution at a BDR (buret delivery rate) of 0.0837 ml/min through a Gilmont buret. The titrations were performed at high and low MHist content for the protonation of the only imidazole nitrogen and for the protonation of both the imidazole and the carboxylate groups, respectively. Before and after each experiment, the chemical calibration with Tris/HCl and the corrections for the heats of the titrant dilution were made.
All the experiments were automatically controlled by the Thermal program (from Tronac, Inc.) which was renewed to operate through a NI-DAQ driver software in Windows (from National Instruments). The graphical programming language LabVIEW was used to create the application. The evaluation of the enthalpy change (-ΔH°) values was obtained with the Fith program [27] by taking into account the linear dependence of the logKs on α (the degree of protonation) for the polymeric compounds. The entropy change (ΔS°) values were calculated. The results of at least two replicates were averaged.
Swelling measurements
Swelling measurements of the hydrogels (MH2 and CMH2) were carried out in different conditions of pH and temperature, at equilibrium conditions. The equilibrium degree of swelling (EDS) was measured every 24 h because the kinetic DS/time curves reached a plateau in these conditions. A weighed sample of dry gel (MH2, 30.4 mg; CMH2, 28.7 mg), contained in a Strainer cell (100 μm pore size), was immersed in a thermostated glass cell filled with 100 ml of aqueous solution at the desired pH, under stirring by the magnetic bar. The temperature probe and the pH glass electrode were controlled by the TimTalk 9 software. The EDS in relation to pH for both the hydrogels was monitored at different pHs of the proper buffer. The EDS in relation to the sodium chloride concentration was monitored at 25°C and in Tris/HCl buffered solution at pH 9.02 by the daily addition of weighed portions of the salt to produce the desired final concentration. The effect of the temperature for the CMH2 gel was monitored in buffered solutions at three different pHs (9.02, 5.01, and 3.07) and at a constant ionic strength (0.15M NaCl). In all cases, the gel sample and its container were removed from the bath at intervals, blotted with a tissue paper to remove any surface droplets, and weighed (wet weight, W wet ). The procedure was repeated at 12-24 h intervals. The EDS value was calculated by the relation: EDS = (W wet -W dry )/W dry , where W dry is the weight of the dry gel sample.
Electric measurements
Hydrogels contraction measurements were carried out at 25°C according to the previously reported procedure [19] . A constant voltage was applied between two gold electrodes (16 mm diameter) in a cylindrical nylon cell, and with a mobile cathode positioned on the gel sample. The hydrogels (CMH2 and CMH10) were swollen in a 0.01M Tris/HCl buffer solution at pH 9, then a specimen of 5 mm thick was cut and used for contractile experiments for a period of 10 min. Under the application of the electric field, each hydrogel change in the thickness was controlled by a digital comparator that was sensitive to displacements of 10 -2 mm (Digimatic indicator 266-2745, Mitutoyo). All the experiments were controlled through a NI-DAQ driver software in Windows (from National Instruments) and the graphical programming language LabView was used to create the application. The gel deformation was recorded at intervals of 1 s under the applied voltage (2.5, 5.0, and 7.0 V) by a dc power supply.
Evaluation of cytotoxicity
Cell culture
Mouse osteoblast cells (MC3T3-E1) obtained from the RIKEN Cell Bank (Tsukuba, Ibaraki, Japan) were cultured to confluence in culture dishes (Corning Co., Ltd.) containing a medium composed of Minimum Essential Medium, alpha modified (MEM-α, Kohjin Bio Co. Ltd., Japan) supplemented with 10% fetal bovine serum (FBS,BioWest, France) in a fully humidified atmosphere with a volume fraction of 5% CO 2 at 37°C.
Cytotoxicity evaluation
The cell viability was evaluated by using a Cell Counting Kit [29] (WST-1 method, Dojindo Lab., Tokyo, Japan 
Results and discussion
Syntheses and characterization
Monomer
The N-methacryloyl-L-histidine (MHist) was prepared according to the synthetic route to obtain vinyl monomers from α-aminoacids [2, [4] [5] [6] [22] [23] [24] . The reaction between methacryloyl chloride and L-histidine at low temperature (< 5°C) allowed to obtain a white powder freely soluble in water. The potentiometric purity revealed that the imidazole nitrogen was protonated more than 92 wt%, while the carboxyl group was mostly in the ionized form.
The expected structure was confirmed by the 1 H NMR and FT-IR spectroscopy. Table 1 summarizes the observed main infrared frequencies and the chemical shifts of the MHist. Unlike the previously reported acrylate monomer, the N-acryloyl-L-histidine (Hist), the MHist showed the presence of a great amount of amphoteric molecular species [6] . The lower chemical shifts of the imidazole protons and the very strong band at 1600 cm -1 are indicative of the prevailing zwitterionic molecules [19] . This is also supported by the greater basicity constant.
Polymers
The N-methacryloyl-L-histidine, MHist, was used as the starting pH-sensitive monomer to synthesize free and cross-linked polymers together with the thermoresponsive N-isopropylacrylamide, NIPAAm, by a radical polymerization [4] [5] [6] . Unlike the poly(N-methacryloyl-L-histidine), the polyMHist, that was obtained in ethanol and using the AIBN initiator, the three copolymers with NIPAAm (co-3, co-2, and co-1), along with the three hydrogels (MH2, CMH2, and CMH10), were obtained in water solution by the use of the APS initiator [19] [20] [21] [22] [23] [24] [25] [26] . While the free polymers remained in solution during the polymerization process, the crosslinked compounds gelified within 4 hrs. Compared to the acrylate analogue [6, 19] , the polymerization of the methacrylate MHist to the corresponding homopolymer gave rise to a relatively lower number-average molecular weight, while the polydispersity index remained quite high, even after the dialysis process (Table 2 ). This may be ascribed to the different solvent used in the polymerization procedure [25] . Figure 4 shows the comparison of the differential molar mass distribution (DMM) of the polyMHist homopolymer and the two copolymers (co-2 and co-3) bz SEC-MALS. Unfortunately, the chromatographic elution of the copolymers depends on the NIPAAm content. In particular, Figure 4 does not report the DMM of co-1 copolymer because the chromatogram presents a long tail in consequence of a very high NIPAAm content (about 90%). Consequently, for the co-1 copolymer Table 2 reports only the peak molar mass M p . It is important to note that the molar mass values from MALS are absolute and do not depend on an eventual non-steric chromatographic elution. As a result the M w and M p molar mass values are substantially correct, while the polydispersity index M w /M n (see Table 2 ) and in general the DMM shape (see Figure 4) are only approximate. In the meantime, the new band of the NIPAAm Amide I increased and slightly shifted to greater wavenumbers, in the same way as happened for the 1459 cm -1 band of the isopropyl group [31, 32] .
Based on the NMR and potentiometric results, the relative comonomer MHist/NIPAAm incorporation level reflected the comonomer feed ratio. Table 3 shows that the amount [mol%] of titrated MHist in the polymers is in agreement with that evaluated by the proton signals of the methyl groups. These results suggest a presumably total conversion of the monomers into the corresponding polymers, being the reaction of radical type. A random distribution of MHist units in copolymers with NIPAAm may be expected because the basicity constants and the n values showed a decreasing trend (see protonation section). When both the monomers had a close structure, a random distribution of charged units was observed in the copolymer. This reflects lower electrostatic effects due to a lower content of charged groups. [25, 30, 32] . Moreover, the hydrogels were obtained at the fixed amount of cross-linking agent (EBA, 2 and 10 mol%) and with a NIPAAm/MHist molar ratio of 0 and 12, in order to have, respectively, a greater content of pH-or temperature-responsive comonomer content. After the polymerization procedure, the samples were slowly dried at r.t. for a week and then under vacuum. As expected, the acid/base potentiometric titrations of the gel MH2 revealed that the imidazole nitrogen content of MHist was in agreement with the feed composition. The potentiometric curves showed large hysteresis loops [4] during the forward and backward titrations with NaOH and HCl solutions, respectively ( Figure 3 ). This may be ascribed to the grinded state of the sample, considering that the MH2 gel particles were large and compact. The large size distribution of the material, along with its compactness, may slow down the equilibration for the protonation mechanism of the gel MH2, due to a hard deep diffusion of the hydrated H + /OH -ions into the interior of the gel particles. The potentiometric curves reached a faster equilibrium condition when a finely crushed sample of MH2 was titrated at the equilibration time of 1500 s and 3000 s for each titrant (H + /OH -) addition (Figure 3 ).
The MALDI-TOF mass spectrometry technique [33] [34] [35] has been used to characterize the chemical structures of the polyMHist oligomer components. Figure 5 reports a typical mass spectrum of the polyMHist, recorded in reflection mode, using HABA (0.1N in C 2 H 5 OH) as a matrix and the polymer dissolved in water. This spectrum exhibits a series of peaks from 750 up to 3000 Da corresponding to the protonated and sodiated ions of the polyMHist oligomers with a variety of the end groups, and they have been assigned (Table 4 ) to a specific oligomer structure. The identification of the structure and the end groups attached to the oligomers produced in the free-radical polymerization process is of utmost importance, since the end groups reveal the particular mechanisms that have been active in the polymerization process. The structures of the oligomers corresponding to the mass peak series A, and B in Figure 5 , belonging to the expected oligomers terminated with isobutironitrile (IBN) groups at one end (Table 4) , are due to the initial reaction of the radical initiator with the monomer MHist. The oligomers A are also terminated with an etoxyl group (-OC 2 H 5 ) at the other end chain, indicating that a reaction between macroradicals and the ethanol used as solvent occurred. The oligomers B, besides the IBN groups, are terminated with H and are maybe generated by a H-extraction reaction, that occurs in a typical free-radical polymerization. The last two reactions led to the oligomers C which are terminated with -H and -OC 2 H 5 species (Table 4) . The intense peaks belonging to the mass series D were assigned to the unexpected oligomers terminated with methacryloyl chloride groups at both the ends. These are due to the metacryloyl chloride unit present as not detectable trace in the purified MHist used as monomer in the synthesis of the polyMHist sample. These peaks disappeared when the crude polyMHist sample was dissolved in ethanol to prepare the sample for the MALDI analysis, giving in this case intense mass peaks due to the corresponding oligomers with ethyl methacrylate end chains. Looking at the inset in Figure 5 , we observe the presence of weak mass peaks labelled as E, F, G and I (Table 4) corresponding to the oligomers that could be generated from oligomers terminated with metacryloyl chloride groups. Finally, the oligomers species indicated as H and I, as well as the species G, bearing unsaturated end groups (see Table 4 ) could be formed by the disproportionation reactions that occur during the conventional free radical polymerization.
Protonation study
Potentiometry, viscometry, and solution calorimetry were the main techniques used to study the protonation behaviour of the monomer, the polymer, the copolymers and the hydrogels at 25°C in aqueous 0.15M NaCl.
Basicity Constants and viscometry
The basicity constant values for the protonation of the basic imidazole nitrogen (logK 1 ) and the carboxylate group (logK 2 ) in the MHist and in the related polymer and copolymers are reported in Table 5 . In the same table the basicity constants for the MH2 hydrogel is also reported. The presence of the methyl groups in the main chain of the polymer structure strongly reduces the polyelectrolyte behaviour because of the increased hydrophobicity. The logK 1 of the MHist (6.88) showed a greater value than that of the Hist (6.48) for inductive effects. On the other hand, the corresponding polymeric compound showed a quite similar logK value. The hydrogel MH2 showed greater logKs and a lower n value; this trend, being similar to the previously studied acrylate hydrogels, may be attributed to the reduced conformational freedom because of the cross-linked network structure.
However, in all cases the logKs follow the modified Henderson-Hasselbalch equation [36] showing a linear decreasing pattern on the degree of protonation α of the whole macromolecule. The experimental data, i.e. pH in relation to α, fitted very well the generalized Henderson-Hasselbalch equation (1):
which has been checked experimentally for a number of polyelectrolytes [37, 38] . The linear relationship between pH and log[(1 -α)/α], over a wide range of α values, gives a straight line for all the compounds studied ( Figure 6 ). This led to exclude any transition region between the coil to compact structure, as occurred for other class of polyelectrolytes [37, 38] . The n value for the protonation of the imidazole nitrogen in the polyMHist and the corresponding copolymers, being related to the magnitude of the electrostatic interactions as well as being a measure of the hydrophilic influence [39] , is always much lower than that reported for the acrylate analogue. Fur- thermore, as the protonation of the imidazole nitrogen is concerned, the linear decreasing pattern of the logK 1 , and also of the n 1 , in relation to the MHist content in copolymers with NIPAAm, is a result of the increased distance between the charges along the chain. This reduces the electrostatic contribution of the charges and shows as the monomers are randomly distributed with a predominance of block-like NIPAAm units. Similar results were previously reported for vinyl related copolymers containing L-valine residues [30, 31] . In the latter case, the decreasing trend of the logK for the acrylates was ascribed to the increased distance between the charges, while methacrylate compounds showed a closer homopolymer polyelectrolyte behaviour. A block-like distribution of the charged methacrylic units was hypothesized in view of their different monomeric structures. In the case of the poly (ampholyte)s, any increase of the uncharged NIPAAm units, leads to a decrease of the proton up-take by the basic imidazole nitrogen. The logK 1 decrease is always due to the lower decreased electrostaticity exerted by the charged carboxylate anions. When the MHist content is very low, the logK 1 value approaches that of the corresponding monomer. On the other hand, the protonation of the carboxylate group in the copolymers cannot be well depicted because of the low basicity constants. These values account only for a limited degree of protonation in the experimental condition of this study.
The viscometric data well support the protonationlike mechanism of the polymers containing MHist. Figure 7 shows the reduced viscosity pattern at different pHs of the homopolymer polyMHist, while Figure 8 shows the conformational behaviour of the corresponding three copolymers. In all cases, the fully ionized macromolecule (L -) is in the extended chain conformation. As the protonation of the basic imidazole nitrogen occurs, the coiling is sharp at pH close to the logK 1 and becomes the lowest at the maximum formation of the zwitterionic L ± species. In the polyMHist, as the protonation proceeds, with the neutralization of the carboxylate anion, the coil dimension increases again for the presence of a net positive charge on the macromolecule (L   +   ) . This trend, even if present in the copolymers co-3 and co-2, having relatively a greater amount of MHist content, was not shown in the copolymer co-1. Moreover, as the MHist 
where L is the monomer unit of the polymer) Figure 8 . Reduced viscosity in relation to the pH for the poly(MHist-co-NIPAAm) copolymers at 25°C in 0.15M NaCl content in the copolymers decreased, the lowest minimum of the reduced viscosity was shifted at lower pHs, with the disappearance in the co-1. Even if this behaviour seems to be quite interesting, the further collapse of the macromolecular coil at lower pH may be due to more competitive electrostatic-hydrophobic forces. During the protonation process, the polymer gradually uncoils, due to the increased electrostaticity of the protonated imidazole nitrogen. The hydrophobic forces between the isopropyl groups in NIPAAm are able to outweigh the repulsive electrostatic interactions when they are present at a critical concentration. A similar behaviour was already observed for vinyl poly (acid)s containing α-aminoacids with lateral isopropyl groups [30] .
Enthalpy and entropy changes
The results of the calorimetric titrations revealed, for all the compounds considered, similar enthalpograms during the protonation of the basic groups present in the MHist moiety. The exothermic protonation reaction of the imidazole nitrogen revealed a well defined break-point corresponding to the amount of MHist close to that found by the potentiometry. The further protonation of the carboxylate anion showed a rather negligible endothermicity. Thus, we evaluated the enthalpy (-ΔH°) and the entropy (ΔS°) change values only for the imidazole nitrogen protonation (Table 6 ). The results of the methacrylate compounds (MHist and polymers containing MHist) showed rather similar protonation behaviour also when compared to the previously reported acrylate analogues [6] . Unlike the reported study on poly(Hist) [6] , that showed a peculiar -ΔH°/α plot and the protonation process of which was likely attributed to the formation of hydrogen bonds between adjacent monomer units, the poly(MHist) revealed a 'real' -ΔH° that was independent on the degree of protonation α. The different behaviour may be ascribed only to the presence of the further methyl group in the backbone macromolecular chain. Its hydrophobic character was evident in the greater ΔS° value of the MHist and the polyMHist when compared to the corresponding acrylate analogues [6] . However, the lower polyelectrolyte effect reported for the polyMHist during the protonation of the basic imidazole nitrogen is reflected in a lower ΔS° decrease on α, involving thus the release of further water molecules surrounding closer monomer units. In Figure 9 is reported the decreasing trend of ΔS° in relation to α for the protonation of the imidazole nitrogen in polyMHist and its copolymers with NIPAAm.
The trend is similar to that shown by the corresponding logKs, and, being the -ΔH° 'real' (i.e. independent on α), the polyelectrolyte effect is only attributed to entropy contributions. In fact, the protonation of the imidazole nitrogen led to a sharp decrease of the macromolecular coil with the for- (7) 29.6 (6) 28.1 (6) 28.7 (7) 36 (2) 37 (2) 35 (2) This work This work This work Poly(Hist-co-NIPAAm) 40.6 29.5 37 [6] mation of zwitterionic species. Besides the likely ordering to some extend of the zwitterions, the process led to a release of water molecules because the macromolecule becomes tightly coiled. This was seen in some cases because phase separation occurred at the isoelectric point. As a matter of fact, the corresponding hydrogels decreased their degree of swelling for the loss of water molecules.
Swelling behaviour of hydrogels
The swelling behaviour of the hydrogels was studied in relation to the pH, the temperature, the electric current, and the concentration of the simple NaCl salt at pH 9, i.e. in the completely ionized form of the MHist units. The sample slabs swelling kinetics for the two different cross-linked CMH2 and CMH10 hydrogels was recorded at constant ionic strength (0.15M NaCl) and at two different pHs (1.9 and 8.8). The results, reported in Figure 10 , show the different hydration ability in the different pH conditions. It is evident that the degree of swelling (DS) is greater for the less cross-linked CMH2 gel and at higher pHs. In both cases, the equilibrium DS was reached within few hours. Both the gels are friable in the dry state and become transparent as the water content increases.
Effect of pH, temperature, ionic strength, and electric current
The swelling behaviour of the hydrogel MH2 in relation to pH, at 25°C in 0.15M NaCl, is reported in Figure 11 . The EDS/pH plot, being similar to that reported for the viscometric data of polyMHist in Figure 7 , sensitively reveals a decreasing pattern by increasing the pH in the narrow range 4 to 6. In this pH-range the zwitterionic form predominates with its maximum at the isoelectric point (i.p., pH 5). It is likely that the greater logK values of the hydrogel, with its lower polyelectrolyte behaviour, may lead to more stable ionized species of greater hydrophilic quality. As the pH shifts-out from this range, the gel MH2 swells as a consequence of its water content increase, due to the predominance of net positive or negative charges. On the other hand, the hydrogel CMH2 behaves likewise the copolymer co-2, having the latter a similar comonomer composition. In Figure 12 the EDS/pH profile of the hydrogel CMH2 at 25°C in 0.15M NaCl is reported. Compared to the previously reported acrylate CH1 hydrogel containing Hist [19] , the lower EDS value is due to the greater cross-link density in CMH2. The striking similarity of the swelling behaviour with the reduced viscos- ity ( Figure 8 ) suggests a similar polyelectrolyte behaviour of the two polymers, even in the different free and cross-linked forms. On the basis of these results it is likely to hypothesize any tailoring hydrogel system to collapse at desired pHs, by introducing the right amount of the two comonomers. Of course, if in these copolymers the MHist content becomes less than a critical value (about 5 mol%), the polyampholyte quality vanishes because of the superimposing effect of the hydrophobic interactions exerted by the isopropyl groups of the NIPAAm moieties.
As regards the effect of the temperature, Figure 13 shows the swelling behaviour of the CMH2 hydrogel in a wide range of temperatures. The hydrogel swelling was studied in 0.15M NaCl and in three different buffered solutions of significant pHs. Any increase of the temperature resulted in a deswelling ability of the hydrogel. It retained its hydration state at high as well as at low pHs. Contrary to the previously reported acrylate hydrogel CH1 [19] , the CMH2 hydrogel showed a phase separation at higher temperatures and at lower pHs. The presence of the hydrophobic MHist unit, instead of decreasing the LCST (Lower Critical Solution Temperature) [40] of the NIPAAm based hydrogels (32°C), revealed a greater temperature increase. This point will be better investigated even though the behaviour may be further on ascribed to the peculiar protonation mechanism of the MHist based hydrogels. A similar greater increase of the phase separation temperature was observed for the soluble copolymers. In Figure 14 is reported the relationship between the viscometric data and the temperature (in the range 25-46°C) of the three copolymers (co-1, co-2, and co-3) at the three significant pHs (9, most negatively ionized; 5, zwitterionic; 2, most positively ionized). Unlike the straight line observed in all cases by co-3, the copolymer co-2 showed an increased negative line slope at pH 5, close to 38°C; on the other hand, the co-1 showed more negative line slopes at different temperatures, depending on the pH. Moreover, the effect of the ionic strength, i.e. the concentration of sodium chloride, on the swelling properties of the MH2 and CMH2 hydrogels at pH 9, is reported in Figure 15 along with the results previously obtained with the gel CH1 [19] , for comparison. Unlike the hydrogel MH2, which shows only polyelectrolyte behaviour for the shielding effect of the carboxylate groups negative charges, the CMH2 showed a volume phase transition phenomenon at a NaCl concentration of 1.75 mol/l. This concentration resulted greater than that shown by the Histbased CH1 hydrogel [19] . The electric current effect on the two hydrogels is reported in Figure 16 . Any increase of the applied potential linearly increased the gel contraction. Moreover, the contraction of the gel CMH2 was higher than that of CMH10, because of the lower cross-links amount. These results, although more effective, are in agreement with the previously reported ones on the gels containing the acrylate Hist analogues. Figure 15 . EDS of gels MH2 (1), CMH2 (2), and CH1 (3) [19] in relation to the concentration of NaCl (pH 9 and 25°C) 
In vitro cytotoxicity
The cytotoxic effect of the poly(MHist) was evaluated by the cell culture of osteoblasts from mouse (MC3T3-E1). Figure 17 shows the cell proliferation in the presence of the polymer and its lowmolecular weight precursor. It is noticeable that no significant cytotoxicity was observed for two days at concentration up to 5 mM. Thus, these zwitterionic compounds in the crosslinked hydrogel form may show potential applications in bone resorption when implanted in specific tissues, for the releasing of loaded amino-bisphosphonate drugs [17] .
Conclusions
This paper, concerning with our research interest on poly(ampholyte)s [6, 19, 41] , developed a thermodynamic study for the protonation of basic groups in the free and cross-linked methacrylate polymers carrying the L-histidine residues. As a rule, methacrylate polyelectrolytes, particularly poly(carboxyl acid)s, show more complex thermodynamic data than the corresponding acrylates [42] . In the case of poly(ampholyte)s, the more hydrophobic character of the main polymer chain was evident in both the free and the cross-linked hydrogels. Unlike the corresponding acrylate, these new ligands show a lower polyelectrolyte behaviour. The 'real' enthalpy changes and the lower n values of the modified Henderson-Hasselbalch equation are the two main thermodynamic data showing the difference. Moreover, the volume phase transition behaviour of the hydrogels, based on the pHresponsive poly(ampholyte)s and on the temperature-responsive N-isopropylacrylamide, revealed that the thermodynamic data are close to the soluble analogues ones. The LCST of the polyNIPAAm, that is close to the body temperature, may be tuned by the pH and the proper amount of the purposely synthesized ampholyte monomer. Thermodynamic and biological characterization, along with the salt-induced phase transition and the dc electroshrinking phenomenon shown by the methacrylate hydrogels, are indicative of a suitability of these materials for tissue engineering applications [15] . The increasing hydrophobic character makes some poly(ampholyte)s suitable for the preparation of nonbiofouling surfaces against proteins and cells [22] . 
